According to Kasha's rule, fluorescence and phosphorescence will in general be observed from the S 1 and T 1 states , respectively. However, Beer and Longuet-Higgins observed the first breakdown of Kasha's rule in 1955 while investigating the fluorescence spectrum of an aromatic molecule, azulene. 1 At present, molecules showing such unusual fluorescence from higher excited singlet states are not uncommon. [2] [3] [4] [5] [6] In contrast, phosphorescence analogs showing emission from higher triplet states are very rare. Historically, the breakdown of Kasha's rule in phosphorescence was first observed in p-benzoquinone by Itoh et al. [7] [8] [9] [10] [11] Since then, this phenomenon has only been observed in a fullerene (C 70 ) 7, 12 and eight other pure organic molecules. 7 Finding inorganic materials or organometallic complexes that display anomalous phosphorescence is made difficult by the often strong spin-orbit coupling between the S 0 and T 1 states and the often small energy gap between the T 1 and T 2 states, both effects that will favor normal phosphorescence from the T 1 state.
Experimentally, it has been observed that a white light phosphorescent organometallic complex, (acetylacetonato)bis(1-methyl-2-phenylimidazole)iridium(III) popularly known as N966, had a broad emission spectrum in CH 2 Cl 2 solution at 298K, covering the spectral range from 440 to 800 nm. 13 Careful examination of this solution-phase emission spectrum also reveals the existence of a shoulder at 475 nm which is even more conspicuous in the electrophosphorescence spectrum and low temperature (77 K) emission spectrum of this material, indicating a possible violation of Kasha's rule in this organometallic complex. This unusual spectral feature of N966 led us to study its phosphorescence spectrum using first-principles calculations. To explain the photophysical origin of this anomalous phosphorescence spectrum,
we have performed time-dependent density functional theory based response theory (TDDFT-RT) [14] [15] [16] [17] calculations and evaluated both the Franck-Condon and Herzberg-Teller contributions to 4 the radiative lifetime. The explicit quantitative evaluations of the nonradiative and intersystem crossing rates have also been carried out involving both the T 1 and T 2 states, contributing to the understanding of the mechanism of unusual phosphorescence from this organometallic complex.
The structure of the N966 complex is shown in Figure 1 . The ground-state (S 0 ) and the lowest excited triplet state (T 1 ) of N966 were optimized using density functional theory with the latter state having been optimized from the S 0 geometry applying an unrestricted approach. The lowest excited singlet state (S 1 ) and the second lowest triplet state (T 2 ) structures were optimized from the electron density of the S 0 state using excited-state gradients obtained using TD-DFT. 18 All optimizations were carried at the B3LYP/cc-pVDZ level of theory, using for iridium the LANL2DZ basis set and its corresponding pseudopotential to incorporate scalar-relativistic effects on the core electrons of iridium. Harmonic vibrational frequencies were calculated at the optimized geometries to verify that the structures correspond to energy minima. The minimumenergy structure of S 0 has C 2 symmetry, the symmetry axis bisecting the acetylacetonato (acac)
group. The C 2 symmetry is retained for the optimized structures of the S 1 and T 2 states, whereas all symmetry is lost in the T 1 excited state. The bond lengths between the central atom and all atoms directly linked to it for the different states are collected in the Supporting Information, The experimental findings suggest that the phosphorescence spectrum of N966 covers the entire visible region (440-800 nm), with the maximum at 570 nm. From TDDFT-RT calculations, we find the T 1 emission to occur at 577 nm, in excellent agreement with the experimental results. It is to be noted that the TDDFT-RT calculation is based on the electronic states only, and as a result, this theory alone cannot shed light on the origin of this extremely broad band. Bolink et al. 13 did not address this issue, though they suggested that vibronic coupling 20, 21 showed the shoulder at 476 nm, and both spectra show a broad peak at 570 nm.
Phosphorescence from a higher triplet state (T 2 ) has been observed in some aromatic molecules and has been attributed to the thermal activation from T 1 due to the small energy gap between the two triplet states (~ 200 -450 cm -1 ). 7 However, in the present case, the energy gap between T 1 and T 2 is considerably higher (3029 cm -1 ) and at room temperature the Boltzmann population ratio is approximately 4.9 x10 -7 , indicating that population of the T 2 state by thermal activation from T 1 cannot alone give efficient phosphorescence from T 2 , rather the population of the T 2 8 state is due to non-radiative processes. We nevertheless assume that two triplet states are in thermal equilibrium, as previously observed in 9,10-Phenanthrenequinone. 22 After excitation, the most crucial step towards the commencement of phosphorescence is the intersystem crossing (ISC) and, depending on the energy gap and the strength of the spin-orbit interaction, [23] [24] [25] ISC could take place between S 1 -T 1 or even with higher triplet states. In the present case, the calculated ∆E S The small energy gap between the S 1 and T 2 states together with efficient spin orbit coupling will make k ISC larger than that of S 1 and T 1 . Moreover, the presence of a larger non-bonded electron density at the oxygen atom in the LUMO +1 orbital will also lead to an enhancement of the SOC vis-à-vis efficient ISC between the S 1 and T 2 states. To strengthen our arguments further, we have computed both the radiative and nonradiative lifetimes explicitly. The net lifetime is defined as τ = (k r + k nr ) -1 , where k r and k nr are the radiative and nonradiative rate constants, respectively. For evaluating k r , we have adopted the hightemperature limit approximation 31 where all three sublevels of the triplet manifold participate equally in the phosphorescence process, and the relevant expression is given in the Supporting
Information. In addition, the 0-0 FC overlap integrals are taken into account in the computation of the phosphorescence transition moments because vibronic coupling is of fundamental importance in this system. Moreover, using the refractive index of CH 2 Cl 2 as 1.424, the Strickler-Berg correction 32 has also been applied to the FC-weighted rate constant. Table 1 ). k nr for T 2 is 2.64 × 10 5 s -1 , and the corresponding net lifetime is ~ 3.32 μs (Table 1) .
Due to thermal equilibrium, the lifetime of N966 would be the inverse of the Boltzmannaveraged total rate constant of the two lower-lying triplet states 37 and according to our calculation, the lifetime will be 2.21 μs, in good agreement with the experimental value of (1.96 ± 0.1 μs). 13 The lifetime calculations thus lend support to our proposal that both the T 1 and T 2 states contribute to the net phosphorescence of N966.
In conclusion, we have established that a breakdown of Kasha's rule occurs in the phosphorescence of the complex N966, and this is the first observation of this kind for an organometallic phosphor material. We have demonstrated that vibronic phosphorescence from the T 1 state gives spectral broadening in the green and red region, whereas electronic phosphorescence from the T 2 state is the origin of the blue region of the spectrum. The significant involvement of T 2 is supported by the more efficient intersystem crossing between the S 1 and T 2 states compared to that between S 1 and T 1 . Calculations of lifetimes involving both radiative and nonradiative processes also indicate that the experimental lifetime is due to the 13 Boltzmann averaged phosphorescence from both the T 1 and T 2 states. Finally, we think that our findings will motivate experimentalists to benchmark these calculated data by performing optically detected magnetic resonance experiment at 4.2 K.
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